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S i m p l e   a n a l y t i c  expression f o r  the i n i t i a l   f u n d a m e n t a l   o p t i c a l  

so l i t ons   on   wave leng th  division m u l t i p l e x e d  ( W D M )  beams i n  a n o n l i n e a r  

f iber has  been found.  For an   ideal  f iber  w i t h  no loss and uni form  group 

veloci ty  d i s p e r s i o n  (GVD) i n  the anomalous GVD reg ion ,  the i n i t i a l  f o r m  

i s  ( 1  + 2 ("1) ) sech (z) , where M i s  the number o f  WDM beams  and 7 i s  

the normal i zed   t ime .   Computer   s imu la t ion  shows t h a t  these i n i t i a l  

p u l s e s   o n  WDM beams i n  this  f iber w i l l  p r o p a g a t e   u n d i s t o r t e d   w i t h o u t  

change i n  their s h a p e s   f o r   a r b i t r a r i l y   l o n g   d i s t a n c e s .   D i s c o v e r y  o f  the 

existence o f  so l i tons  on WDM beams presents the u l t i m a t e   g o a l  f o r  

o p t i c a l  f iber communication on mu1 t i p l e  wavelength  beams i n  a single 

fiber. 



I .   In t roduct ion  

The d i scove ry   i n  1 9 7 3  t h a t   o p t i c a l   s o l i t o n  [ l ]  on a 

s ing le  wavelength beam can  exis t  i n  f i b e r  i s  one  of the most 

s ign i f icant   event   s ince   the   per fec t ion  of low-loss   opt ical  

f i b e r  communication.  This means t h a t ,   i n   p r i n c i p l e ,   d a t a  

pulses  may be   t ransmi t ted   in  a f iber without   degradat ion 

forever .   This   sol i ton  discovery sets the   u l t imate   goa l   for  

op t ica l   f iber  communication on a s ingle  wavelength beam. 

Another  most s ign i f icant   event  i s  the  development of 

wavelength  divis ion  mult iplexed (WDM) t r ansmiss ion   i n  a 

s i n g l e  mode f i b e r  [ 2 ] .  This means tha t   mu l t ip l e  beams of 

different  wavelengths,  each  carrying i ts  own data  load,  can 

propagate   s imultaneously  in  a s ing le  mode f ibe r .   Th i s  WDM 

technique  provides dramatic increase  in  the  bandwidth of a 

f i b e r .  However, due to   the   p resence  of  complex nonl inear  

in te rac t ion   be tween  co-propagat ing   pu lses  on d i f f e r e n t  

wavelength beams, i t  is  no longer   cer ta in  that WDM s o l i t o n s  

can e x i s t .  

The ex i s t ence  of s o l i t o n s  i s  a b l i s s f u l   e v e n t   i n  

nature .  It  is  a marvel that   the   del icate   balance between the 

d i spe r s ion  e f fec t  and   the   nonl inear   e f fec t   can   a l low a 

spec ia l ly   shaped   op t ica l   pu lse   to   p ropagate   in   the  f iber  

without  degradation.  This i s  ca l l ed  a temporal  soli ton [ l ] .  

I t  is  an  equal  marvel  that  the  delicate  balance  between  the 



d i f f r a c t i o n   e f f e c t  and the  nonl inear   effect   can  a lso a l l o w  a 

special ly   shaped  pulse  t o  propagate i n  planar  waveguide o r  

array  waveguides  without  degradation.  This i s  c a l l e d  a 

s p a t i a l   s o l i t o n  [ 3 ] .  They occur  only on single  wavelength 

beam. 

When beams with  different  wavelengths  co-propagate i n  a 

s i n g l e  mode f iber ,  such as in   t he   wave leng th   d iv i s ion  

mul t ip lexed  (WDM) c a se  [ 2 ]  , i n t e r a c t i o n  of p u l s e s  on 

d i f f e r e n t  beams via   the  nonl inear   cross   phase  modulat ion 

(CPM) e f f e c t   ( t h e  Kerr e f f e c t )  i s  usua l ly   ins t rumenta l   in  

d e s t r o y i n g   t h e   i n t e g r i t y  of s o l i t o n s  on these  wavelength 

multiplexed beams. Other  recent  applications of CPM e f f e c t  

i n   f i b e r  have  been  reported [ 41 . 

The purpose of t h i s   p a p e r  i s  t o  show tha t  temporal 

s o l i t o n s   c a n   e x i s t  on WDM beams i n  a s i n g l e  f iber   under  

appropr ia te   condi t ions .  The ex is tence  of t h e s e   s o l i t o n s  

c r i t i c a l l y  depends on the  presence of the   nonl inear   c ross  

phase  modulat ion  effect  of t h e  WDM beams. J u s t  as the  

e a r l i e r   s i n g l e  beam so l i ton   ca se ,   t h i s   d i scove ry  sets the  

ult imate  goal  for  optical  fiber communication on WDM beams. 

11. The Fundamental Equations 

The fundamental  equations  governing M numbers  of co- 

propagating waves i n  a nonl inear   f iber   inc luding   the  CPM 
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phenomenon are  the  coupled  nonlinear  Schrodinger  equations 

[SI  : 

m f  j 

Here, f o r   t h e   j t h  wave, A j  ( z ,  t )  is  the   s lowly-vary ing  

amplitude  of  the wave, V g j ,  the   g roup   ve loc i ty ,  P 2 j l  t h e  

d ispers ion   coef f ic ien t  ( P2-j = dvgj-'/do ) , Olj , the   absorpt ion 

coe f f i c i en t  , and 

i s  the   nonl inear   index   coef f ic ien t  w i t h  A,ff as the e f f e c t i v e  

core  area and n2 = 3 . 2  X 10-16 cm2/W f o r  s i l i ca  f i b e r s ,  oj is  

t h e  carr ier  f requency   of   the   j th  wave, c i s  the  speed  of 

l i g h t ,  and z is the   d i r ec t ion  of propagation  along  the  f iber.  

Introducing the normalizing  coefficients 



and s e t t i n g  

gives 

LNL j rn# j 

Here, To is  the  pulse  width, Poj  is the   inc ident   op t ica l  power 

of t h e   j t h  beam, and d l j l  the  walk-off  parameter  between beam 

5 

1 and beam j I describes how fast a g iven   pu l se   i n  beam j 

passes th rough   t he   pu l se   i n  beam 1. I n  other  words,  the 

walk-off  length is  



So, L w ( 1 j )  is the   d i s tance   for  which the  faster moving pulse  

( s a y ,   i n  beam j )  completely  walked  through the slower moving 

pu l se   i n  beam 1. The nonl inear   in te rac t ion  between these two 

opt ica l   pu lses   ceases   to   occur  af ter  a d is tance  L w ( 1 j ) .  For 

cross  phase  modulation (CPM) t o   t a k e   e f f e c t   s i g n i f i c a n t l y ,  

the  group-velocity mismatch must be held  to  near  zero.  

Finding  the  analytic  solution of E q .  ( 6 )  which is a set 

of simultaneous  coupled  nonlinear  Schrodinger  equations i s  a 

formidable   task.  However, i t  may be solved  numerically  by 

t h e   s p l i t - s t e p   F o u r i e r  method,  which w a s  used   successfu l ly  

earlier to   so lve   t he  problem of beam propagat ion   in  complex 

f i b e r   s t r u c t u r e s ,   s u c h  as, the   f i be r   coup le r s ,  and t o   s o l v e  

the  thermal  blooming  problem  for  high  energy laser beams [ 6 1 .  

According t o   t h i s  method, the  solutions  may.be  advanced first 

using  only  the  nonl inear  part of the  equations.  And then  the 

so lu t ions  are al lowed  to   advance  using  only  the  l inear   par t  

of E q .  ( 6 ) .  This  forward  stepping  process i s  repeated  over 

and  over  again  unti l   the  desired  destination is  reached. The 

Fourier  transform is accomplished  numerically  via  the  well- 

known Fast Fourier Transform Technique. 

6 
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111. Soli ton on a Single Beam 

It is w e l l  known t h a t ,   f o r   a n   i d e a l i z e d  f iber  wi th  no 

l o s s ,  o p t i c a l   s o l i t o n  on a single  wavelength beam takes   t he  

i n i t i a l  form [1 ,5]  : 

u(0,Z) = N sech(2) 

where N is t h e   s o l i t o n  magnitude  and 

It is a l s o  known tha t   t he   s ing le  beam sol i ton  equat ion is 

Here, the  dispers ion  length LD and the  nonlinear  length L m  

are def ined  ear l ie r  i n  E q .  ( 6 )  . I n   t h e  case of  anomalous 

group  ve loc i ty   d i spers ion  (GVD) f o r   s o l i t o n ,   s g n ( P 2 )  = -1. 

For   the  fundamental   sol i ton case, N = 1. This means t h a t  

when an   in i t ia l   pu lse   wi th   pu lse   shape   g iven  by E q . ( 8 )  with 

an  amplitude  of  unity i s  l aunched   i n s ide   an   i dea l   l o s s l e s s  

f iber ,  t h e   p u l s e  w i l l  r e t a i n  i t s  hyperbol ic   secant   shape 

w i t h o u t   d e g r a d a t i o n   f o r   a r b i t r a r i l y   l o n g   d i s t a n c e s .  One 

notes   tha t   the   de l ica te   ba lance  between the   d i spe r s ion   e f f ec t  
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represented  by LD and  the  nonlinear self phase  modulation 

effect   represented by LNL occurs a t  N = 1 for  the  fundamental 

s o l i t o n .  The n o n l i n e a r   e f f e c t  on a pulse  f o r  a s i n g l e  

wavelength beam i s  embodied i n  LNL, wh i l e   t he   d i spe r s ion  

effect on the  pulse  is embodied i n  LD. 

V I .  Sol i tons on Wavelength Division  Multiplexed Beams 

It is  of i n t e r e s t   t o   l e a r n   w h e t h e r   s o l i t o n s   e x i s t  on 

WDM beams i n  a f ibe r .   S t a r t i ng   w i th  an  idealized fiber which 

is l o s s l e s s  ( i . e . ,  a j  = 0 f o r  a l l  beams)  and  which possesses  

un i fo rm  g roup   ve loc i ty   d i spe r s ion   ( i . e .  , V g j  = vg f o r  a l l  

beams) within  the  wavelength  range  under  investigation,  the 

equations  governing  the  propagation  characterist ics of s igna l  

pulses  are: 

LNL m f  j 

The anomalous GVD case   i n  which  sgn (P2-j)  = -1, is  considered. 

It is seen from the  above  equation  that  the summation term i n  

the  bracket   represent ing  the  cross   phase  modulat ion (CPM) 

e f f e c t  i s  twice as e f f e c t i v e  as the  self  phase  modulation 
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(SPM) effect  f o r   t h e  same i n t e n s i t y .  This  observa t ion   a l so  

provides   the idea that  cross  phase  modulation may be used   i n  

conjunction  with  self  phase  modulation on t h e  WDM p u l s e s   t o  

counter  ac t  t h e  GVD e f fec t ,   thus   p roducing  WDM s o l i t o n s .  

Comparing the  bracketed terms i n  E q s . ( l O )  and (11) shows t h a t  

i f  one   chooses   the   cor rec t   ampl i tudes   for   the   in i t ia l   pu lses  

on WDM beams and re ta ins   the   hyperbol ic   secant   pu lse  form, i t  

may be p o s s i b l e   t o   c o n s t r u c t  a set  of i n i t i a l   p u l s e s  which 

w i l l  propagate   in   the same manner as t h e   s i n g l e   s o l i t o n   p u l s e  

case, i . e . ,  undis tor ted   and   wi thout   change   in  shape f o r  

a rb i t r a r i l y   l ong   d i s t ances .  L e t  us   choose   the   in i t ia l   pu lses  

as follows: 

where M i s  the  number of WDM beams. 

U s i n g   t h e s e   i n i t i a l   p u l s e  forms  numerical  simulation 

w a s  c a r r i e d   o u t   t o   s o l v e  E q .  (11). The s p l i t - s t e p   F o u r i e r  

method w a s  u sed .  The f i b e r   p a r a m e t e r s   u s e d   f o r   t h e  

simulation are: 

L = length of f i b e r  = 1 0 0 0  km 

p 2  = d i spers ion   coef f ic ien t  = -2 ps2/km 
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y = nonlinear  index  coefficient = 20  W - l k m - l  

TO = pulse  width = 1 0  p s .  

LD = .50 h 

LNL = 50 h. 

Four cases with M = 1 , 2 , 3 , 4  were treated.  The M = 1 case 

corresponds  to   the w e l l  known s i n g l e   s o l i t o n  case; he re ,   t he  

ampli tude  for   the  fundamental   sol i ton i s  1. For   the 2-beam 

case ,   the   ampl i tude  i s  (3)-112 = 0.57735.  For  the 3-beam 

case ,  i t  is  ( 5 )  = 0 .4472136 .  For  the 4-beam case, i t  is 

( 7 ) - l l 2  = 0 .37796447.  It  is  noted  that   the   ampli tude  of   the 

fundamental   soli tons on WDM multi-beams becomes success ive ly  

smaller as the  number of beams is  increased.  This i s  because 

the   non l inea r   e f f ec t  becomes more pronounced when more beams 

are  p resen t .   Numer ica l   s imu la t ion  shows t h a t  a f t e r  

propagat ing 1 0 0 0  km t h r o u g h   t h i s   f i b e r   t h e   o r i g i n a l   p u l s e  

shape   for  a l l  these  WDM pu l ses  remains unchanged. I t  thus  

a p p e a r s   t h a t   t h e   i n i t i a l  forms  chosen  for  the  pulses on WDM 

beams are the   co r rec t   so l i t on  forms f o r  WDM beams. 

V. Conclusion 

The e x i s t e n c e   o f   o p t i c a l   s o l i t o n s   o n   w a v e l e n g t h  

d i v i s i o n   m u l t i p l e x e d  beams i n  a f iber  i s  no t   on ly   o f  

fundamental i n t e r e s t   b u t  a l so  provides enormous impl ica t ion  

i n   t h e  f i e l d  of op t i ca l   f i be r   communica t ions .  I t  i s  
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conce ivab le   t ha t   mu l t i - t e r a   b i t s  of information  can  be s e n t  

through a s i n g l e  f iber  i n   t h e   b i t - p a r a l l e l   w a v e l e n g t h  

division  multiplexed  format [2 ]  without  degradation. 
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